Xylem includes xylem parenchyma cells, fibers and tracheary elements. Differentiation of tracheary elements is an irreversible process that is controlled by the master regulator VASCULAR-RELATED NAC-DOMAIN 7 (VND7). Molecular events occurring downstream of VND7 are well understood, but little is known regarding upstream regulation of VND7. In this study, we identified LOB DOMAIN-CONTAINING PROTEIN 15 (LBD15)/ASYMMETRIC LEAVES2-LIKE (ASL11) as a regulator of VND7. LBD15 was expressed in immature vascular cells and positively regulated both VND7 expression and differentiation of tracheary elements. LBD15 directly associated with the upstream sequence of VND7 and positively regulated VND7 expression. A 25 bp upstream sequence was essential for VND7 expression in the elongation zone of Arabidopsis roots. Taken together with previous studies identifying LBD15 as a target of VND7, we propose that LBD15 acts in a positive feedback regulation system that promotes and accelerates VND7 expression during the initiation phase of tracheary element differentiation in roots.
Introduction
Xylem is a component of the plant vasculature and contains tracheary elements, parenchyma cells and fibers. Tracheary elements are specialized cells that transport water and other molecules through the body of the plant. Two major events occur during the differentiation of tracheary elements to function as conducting tubes: (i) secondary cell walls composed of cellulose, hemicellulose and lignin form inside primary cell walls and confer physical strength to the cellular structures; and (ii) tracheary elements lose their cell contents via programmed cell death and become hollow tubes. The two cellular events occur concurrently during the final stage of tracheary element differentiation. Concurrent initiation of these events is controlled by VASCULAR-RELATED NAC-DOMAIN (VND) family transcription factors (Kubo et al. 2005 , Ohashi-Ito et al. 2010 , Zhong et al. 2010 , Yamaguchi et al. 2011 , Endo et al. 2015 . The VND family in Arabidopsis contains seven members (VND1-VND7). The different VND genes are all expressed in developing xylem cells, with some spatiotemporal differences (Kubo et al. 2005 , Yamaguchi et al. 2008 , Zhou et al. 2014 . Overexpression of each VND gene induces ectopic tracheary element differentiation, including secondary cell wall deposition and cell death, in the shoot and root (Kubo et al. 2005 , Zhou et al. 2014 , Endo et al. 2015 . Conversely, although single knockout mutants of vnd7 or vnd6 show no obvious phenotype, dominant repression of VND7 or VND6 prohibits protoxylem and metaxylem differentiation, respectively (Kubo et al. 2005) . These results indicate that VNDs function as master regulators of tracheary element differentiation in a redundant and overlapping manner.
Of the seven Arabidopsis VNDs, VND7 is thought to be the central master regulator of vessel differentiation (Yamaguchi et al. 2008 , Endo et al. 2015 . VND7 directly regulates genes involved in programmed cell death such as XCP1, which encodes a cysteine peptidase (Zhong et al. 2010 , Yamaguchi et al. 2011 . VND7 also directly regulates key genes related to secondary cell wall formation, such as the transcription factor gene MYB46 and its homolog MYB83 (Zhong et al. 2010 , Yamaguchi et al. 2011 ). Overexpression of MYB46 or MYB83 causes ectopic accumulation of secondary cell walls, consisting of cellulose, hemicellulose and lignin, throughout the plant body (Zhong et al. 2007 , Ko et al. 2009 , McCarthy et al. 2009 ). The loss-of-function double mutant myb46 myb83 cannot produce secondary cell walls (McCarthy et al. 2009) . A number of secondary cell wall-related genes, including CESA4, which encodes secondary cell wall-specific cellulose synthase, act downstream of MYB46 and MYB83 (McCarthy et al. 2009, Zhong and Ye 2012) . These results indicate that MYB46 and MYB83 are master regulators of secondary cell wall formation. VND7 therefore acts as a key primary regulator of tracheary element differentiation through regulation of transcriptional networks that function in secondary cell wall formation and programmed cell death.
Because VND7 is a crucial regulator of tracheary element differentiation, the level and activity of VND7 are subject to sophisticated controls, including post-translational regulation. VND-INTERACTING2 (VNI2) is a NAC domain protein that functions as a transcriptional repressor. VNI2 interacts with VND7 (and other VNDs) and inhibits VND7 function (Yamaguchi et al. 2010) . VND7 protein stability also appears to be regulated by proteasome-mediated protein degradation (Yamaguchi et al. 2008) .
On the other hand, a few papers reported upstream regulation of VND7 expression. Two members of the LOB DOMAIN-CONTAINING PROTEIN (LBD)/ASYMMETRIC LEAVES2-LIKE (ASL) protein family, LBD18/ASL20 and LBD30/ASL19, are involved in the regulation of VND7 expression (Soyano et al. 2008) . Expression of LBD18 and LBD30, which occurs in developing xylem, depends on VND7. Overexpression of LBD18 induces ectopic xylem differentiation and VND7 expression, suggesting that LBD18 and LBD30 form a positive feedback loop to regulate VND7 expression. Endo and co-authors used transient assays to examine 68 transcription factors that were preferentially expressed during xylem differentiation, and identified 14 as regulators of VND7 expression (Endo et al. 2015) . The 14 transcription factors included VND1-VND5, which were shown to regulate VND7 expression directly. However, the number of factors involved in regulation of VND7 expression is unknown, and the detailed mechanisms underlying regulation of VND7 expression remain unclear. To elucidate VND7 functions further, identification and characterization of key upstream regulators is required.
In this study, a comprehensive screen of approximately 1,100 Arabidopsis transcription factors was used to identify factors that induced ectopic VND7 expression in plants. One transcription factor that induced VND7 expression, LBD15/ASL11, was analyzed further. LBD15 was expressed in immature vascular cells, and LBD15 directly associated with the upstream sequence of VND7 and positively regulated VND7 expression. A 25 bp VND7 upstream sequence was critical for VND7 expression in the root elongation zone. Previous studies identified LBD15 as a target of VND7 (Zhong et al. 2010 , Yamaguchi et al. 2011 . Together with this fact, the involvement of LBD15 in a novel positive feedback mechanism for regulation of VND7 expression is discussed.
Results

Identification of VND7 regulators by transcription factor screening
A novel comprehensive screening approach was used to identify transcription factors that regulated VND7 expression. Transgenic plants that harbored both pVND7::YFP-nls and estrogen-inducible overexpression constructs for transcription factors were used. Overexpression constructs were combined into 16 pools and transformed into agrobacteria to form 16 agrobacteria pools. Arabidopsis pVND7::YFP-nls plants, with the upstream VND7 sequence of 2,000 bp in length, were transformed with pairs of agrobacteria pools, and T 1 seedlings were selected that exhibited ectopic yellow fluorescent protein (YFP) signal when transcription factor overexpression was induced with estrogen. In approximately 250 T 1 seedlings, 20 seedlings with ectopic YFP expression were obtained, one of which exhibited very strong ectopic YFP signal in root cells (Fig. 1A, B) . This seedling harbored a single overexpressing transcription factor transgene. Sequencing revealed that the encoded transcription factor was LBD12/ASL5, a member of the LBD class Ia subtype B family (Matsumura et al. 2009 ).
LBD12 expression in roots was examined to determine whether LBD12 acted as a VND7 regulator in planta. LBD12 expression was found only in quiescent center cells, and was not observed in the xylem cells where VND7 was expressed (Fig. 1C) . This suggested that LBD12 was not a true regulator of VND7, but we hypothesized that other members of the LBD class Ia subtype B family might regulate VND7. Transgenic lines were generated that contained promoters from eight different LBD Ia subtype B family genes fused to the b-glucuronidase (GUS) gene. GUS expression was examined in the roots of transgenic lines ( Supplementary Fig. S1 ), and was observed in immature vascular cells in root vascular bundles when controlled with the LBD15 promoter ( Fig. 1F ; Supplementary Figs . S1, S2). LBD15 promoter-driven expression was also observed in vascular cells in the root maturation zone and in leaves ( Fig. 1G-I ). These expression patterns are consistent with the expression pattern of VND7, suggesting that LBD15 is a candidate regulator for VND7.
Next, the capacity of LBD15 to regulate VND7 expression was examined. Transgenic pVND7::YFP-nls plants harboring estrogen-inducible LBD15 exhibited induced expression of ectopic YFP signal ( Fig. 1D, E) . Quantification of VND7 promoter activity when LBD12 or LBD15 was overexpressed in Nicotiana benthamiana was assessed using a GUS effectorreporter assay. GUS expression was induced at similar levels by overexpression of LBD12 and LBD15 (Fig. 1J) . These results strongly suggest that LBD15 directly regulates VND7 expression.
LBD15 regulates VND7 expression through association with the VND7 upstream region Next, VND7 upstream regions were investigated for association with LBD15. YFP signal was examined in transgenic plants harboring VND7 promoter::YFP-nls, with upstream VND7 sequences of 1,000 and 600 bp in length. YFP signal was observed in developing xylem vessels of root differentiation zones with both promoters ( Fig. 2A, B) . However, in the root elongation zone, YFP signal was observed only with the 1,000 bp promoter ( Fig. 2A, B ). This result suggests that regulatory sequences for VND7 expression in the root elongation zone are located in the -1,000 to -600 upstream region. To refine the regulatory region further, expression was examined with 660 and 600 bp promoters. YFP signal was observed in xylem cells in the elongation zone with the 660 bp but not the 600 bp promoter ( Fig. 2C-F) . These results suggest that the -660 to -600 sequence is required for VND7 expression in the early stage of xylem development. Next, the importance of the -660 to -600 region of the VND7 upstream sequence for LBD15-dependent VND7 expression was investigated. Transgenic plants were generated that harbored estrogen-inducible LBD15 as well as YPFnls driven by a truncated VND7 upstream sequence. Plants with the 660 bp VND7 upstream sequence exhibited ectopic YFP signal in many cells, in addition to the original signal seen in developing vessels by the addition of estrogen (Fig. 2G, H) , whereas ectopic signal was rarely seen in plants with the 600 bp promoter (Fig. 2I, J) . These results suggest that LBD15 association with the -660 to -600 region of the VND7 upstream sequence induces xylem precursor-specific expression of VND7.
LBD15 associates with the -625 to -601 region in the VND7 upstream sequence Next, we used effector-reporter assays to determine whether LBD15 associated with a specific sequence in the -660 to -600 region of the VND7 upstream region. Assays were performed using four modified VND7 upstream sequences as shown in Fig. 3A and B. Estrogen-inducible LBD15 fused with VP16-CFP (effector), and modified VND7 promoter::GUS (reporter), were infiltrated into N. benthamiana leaves. Reporter 1 contained a region (-90 to -1) of the VND7 upstream sequence as a minimal promoter. Reporter 2 contained the minimal promoter region and the -625 to -601 VND7 upstream sequence. When LBD15 was overexpressed, GUS activity with reporter 2 was substantially higher than with reporter 1 (Fig. 3C) . This result suggests that the sequence from -625 to -601 is responsible for LBD15 regulation of VND7 expression. The LBD15 association region was further refined by introduction of four nucleotide substitutions in the -625 to -601 region (reporters 3 and 4). GUS activity with reporter 3 was similar to that with reporter 2, but activity with reporter 4 was significantly lower (Fig. 3C) . These results suggest that LBD15 associates with the -625 to -601 region in the VND7 upstream sequence and that the -611 to -608 region is particularly important for the association.
Functional analysis of LBD15
Next, we wished to understand the functions of LBD15 in planta. The phenotype of lbd15, a loss-of-function T-DNA insertion mutant ( Supplementary Fig. S3A, B) , was examined, but no abnormal phenotypes were apparent under normal growth conditions. Next, we produced transgenic plants constitutively overexpressing LBD15 with the SRDX repressor domain (35S::LBD15-SRDX; Hiratsu et al. 2003) . Most of the LBD15-SRDX T 1 plants were small, and growth was arrested ( Supplementary Fig. S3C, D) . In 35S::LBD15-SRDX cotyledons, vein formation was incomplete and there were gaps of xylem vessels between a main vein and secondary veins (Fig. 4A, B) . We also produced estrogen-inducible LBD15-SRDX plants (Est::LBD15-SRDX). The plants overexpressing LBD15-SRDX by the addition of estrogen did not show any obvious phenotype under normal growth conditions; however, the plants grown under darkness showed phenotypes in cotyledons. Tracheary element differentiation in main veins was partly arrested in the Est::LBD15-SRDX cotyledons (Fig. 4D) . These results imply that LBD15 is involved in the promotion of xylem differentiation.
To understand further LBD15 functions in VND7 regulation, expression of VND7 and its target genes, XCP1 and CESA4, was quantified 24 h after induction of LBD15-SRDX by the addition of estrogen (Fig. 4E, F) . Overexpression of LBD15-SRDX decreased expression of VND7, XCP1 and CESA4. These results suggest that LBD15 regulates VND7 expression in planta.
Discussion
In this study, a novel approach was used on a trial basis to screen approximately 1,100 transcription factors to identify regulators of VND7 expression. An Agrobacterium library was produced that harbored transcription factor sequences fused to an estrogen-inducible promoter. Plants harboring pVND7::YFPnls were transformed with the library. Seedlings that showed ectopic YFP signal in the presence of estrogen were indicative of candidate transcription factors for regulation of VND7 expression. This approach had the following advantages. (i) The transcription factors were available as Gateway clones (Gong et al. 2004) , which facilitated cloning and allowed construction of a . The transcription factor library was pooled during the screening process, which allowed comprehensive screening to be achieved easily and effectively. (ii) The introduced transcription factors were placed under the control of an estrogen-inducible promoter to allow transient expression and avoid abnormal growth or death of plants from continuous overexpression of transcription factors. This inducible system also enabled early screening in the T 1 generation. (iii) The reporter consisted of 2,000 bp of VND7 upstream sequence fused to nuclear-localized YFP. The use of a nuclear-localized marker facilitated the observation of ectopic YFP expression. (iv) Screening in a homogeneous system allowed identification of transcription factors in a specific cellular environment, which would not be possible using a conventional yeast one-hybrid screening method. Heterogeneity challenges were avoided by screening Arabidopsis genes in an Arabidopsis screening system. In addition, while yeast one-hybrid systems usually require tandem repeats of short sequences as bait, our novel approach allowed regulators to be screened using an extended 2,000 bp VND7 upstream sequence. In similar situations, homogeneous systems are likely to be more efficient for screening than heterogeneous systems.
The transcription factor screen with a subsequent selection of genes in a gene family allowed identification of LBD15 as a regulator of VND7. The VND7 upstream region that associated with LBD15 was required for proper expression of VND7 in roots, and plants that overexpressed LBD15-SRDX exhibited defects in xylem differentiation. These results were consistent with the finding that LBD15 induced VND7 promoter activity (Endo et al. 2015) and showed that LBD15 positively regulated VND7 expression and, hence, xylem differentiation. We found that estrogen-inducible LBD15-SRDX plants showed defects in xylem differentiation only when grown under dark conditions. Recently, it has been proposed that light signal promotes xylem differentiation based on the fact that xylem differentiation in vnd1 vnd2 vnd3 mutant cotyledons is arrested only when grown under dark conditions (Tan et al. 2018) . These facts suggest that the xylem differentiation process is very robust under normal growth conditions. This may be one of the reasons why LBD15-SRDX plants showed relatively weak phenotypes in xylem. On the other hand, 35S::LBD15-SRDX plants were small and their growth was arrested. It has been reported that LBD15 regulates WUSCHEL expression and is involved in shoot apical meristem development (Sun et al. 2013 ). These facts suggest that LBD15 may have different roles in different tissues.
Our results indicated that LBD15 regulated VND7 expression through association with the -625 to -601 region of the VND7 upstream sequence. LBD proteins all have the LOB domain, and previous in vitro assays showed that the LOB domain of LOB, AS2 and LBD4 bound to a specific sequence, the LBD motif, in target genes (Husbands et al. 2007 ). However, the -625 to -601 Fig. 3 Interaction between LBD15 and VND7 promoter sequences. GUS assays were performed using Nicotiana benthamiana leaves transiently transformed with LBD15-VP16-CFP (effector) and VND7 upstream sequences fused to GUS (reporter). (A, B) GUS assay design. Estrogeninducible LBD15-VP16-CFP was used as an effector. Four different reporter promoters were used. Reporter 1 consisted of a minimal promoter only, and reporter 2 consisted of the minimal promoter plus a short section of the VND7 upstream sequence (-625 to -601). Reporters 3 and 4 were the same as reporter 2 with nucleotide substitutions (underlined). (C) GUS activity assays performed on leaf discs infiltrated with effector-reporter combinations as shown in (A). Black and gray bars indicate results with and without estrogen, respectively. Error bars indicate the SD; n = 3. sequence differed from the LBD motif, and no LBD motif was found in the 660 bp upstream sequence of VND7 that was sufficient for induction by LBD15. Similarly, LBD18/ASL20 bound at the EXPANSIN 14 (EXP14) upstream sequence, which also did not include the LBD motif sequence (Lee et al. 2013 ). However, there was no common sequence between the -625 to -601 region of the VND7 upstream sequence and the LBD18-binding region of EXP14. The DNA-binding sequences for LBD proteins therefore appear to be variable. In the -625 to -601 region of the VND7 upstream sequence, 'ATTT' and surrounding nucleotides were important for association with LBD15. The 'CATTTA T' sequence in the -625 to -601 region of VND7 was conserved in the upstream sequence of VND6, another master regulator of tracheary element differentiation. The 'CATTTAT' sequence was also found in the upstream sequence of SND1, a master regulator of xylem fibers. This heptamer sequence may therefore be a core binding sequence for LBD15 in developing xylem cells. To our knowledge, this is the first report demonstrating direct regulation of VND7 expression by LBD15.
In this study, we showed that LBD15 regulated VND7 expression in several experiments. However, we did not detect VND7 mRNA accumulation or ectopic tracheary element differentiation in LBD15-overexpressing plants (data not shown). These phenomena are also reported in other transcription factors which regulate VND7 expression. GATA5 is identified as a positive regulator of VND7; however, overexpression of GATA5 does not induce VND7 mRNA accumulation or ectopic tracheary element differentiation (Endo et al. 2015) . In addition, VND1-VND6, GATA12 and ANAC075 induce VND7 expression in transient assays, but VND7 mRNA is not accumulated in plants overexpressing individual transcription factors (Endo et al. 2015) . Therefore, unknown mechanisms to keep VND7 expression level steady may exist in plants.
Previous studies indicated that LBD15 is a downstream target of VND7 and VND6 as well as SND1 (Ohashi-Ito et al. 2010 , Zhong et al. 2010 , Yamaguchi et al. 2011 ). Soyano and others indicated that LBD18 and LBD30 regulated VND7 expression through a positive feedback loop (Soyano et al. 2008) . Therefore, LBD15 might also be involved in a positive feedback loop for VND7 expression. An lbd15 single mutant and an lbd18 lbd30 double mutant exhibited no obvious xylem differentiation phenotypes (this study; Soyano et al. 2008) , suggesting that LBD15 might function redundantly in positive feedback regulation of VND7 alongside LBD18 and LBD30. However, there is currently no evidence to show that LBD18 and LBD30 directly regulate VND7, and the EXP14 upstream sequence to which LBD18 binds differs from the LBD15-associating upstream sequence of VND7. LBD15 is a member of a different LBD subfamily subclass (Ia subtype B) from LBD18 and LBD30 (Ia subtype C), which may account for this difference (Matsumura et al. 2009 ). Further analysis is needed to understand the molecular mechanisms of positive feedback regulation of VND7 by LBD15, LBD18 and LBD30.
The VND7 upstream sequence that lacked the LBD15-associating region was able to drive expression in xylem precursor cells of the differentiation zone, but was not able to drive expression in the elongation zone in roots. Expression signal was observed in both regions when the LBD15-associating sequence was included. This result suggests that positive feedback regulation of VND7 by LBD15 occurs in a zone-specific manner. VND7 induces the final irreversible process of tracheary element differentiation, which includes secondary cell wall formation and programmed cell death. Prompt progression is required once the process has begun. It is therefore likely that expression of VND7 is up-regulated explosively upon initiation of the final irreversible process. Xylem precursor cells of the elongation zone are in this initial stage. In this stage, LBD15 may act as a booster for VND7, and direct and mutual regulation of LBD15 and VND7 may result in explosive amplification of VND7 expression to induce rapid and synchronous differentiation into tracheary elements. In summary, LBD15-based positive feedback regulation may play a special role in initiating tracheary element differentiation to promote and accelerate VND7 expression.
Materials and Methods
Plant materials and growth conditions
Arabidopsis thaliana accession Columbia was used in this study. Seeds were sown on half-strength Murashige and Skoog (1/2 MS) agar plates containing appropriate antibiotics, incubated at 4 C for 3 d, and then moved to an incubator for growth under continuous light at 22 C. For the estrogen treatment, 5 mM estrogen was added to the 1/2 MS agar plates.
DNA manipulation
Vectors used in this study were constructed using Gateway recombination cloning technology (Life Technologies). Promoter sequences of VND7 (2,000, 1,000, 660, 600, 90 and 90 bp + 25 bp) and each LBD gene (2,000 bp) were amplified by PCR and cloned into the pENTR/D-TOPO cloning vector (Life Technologies). Promoter sequences were then integrated into vectors pBGYN, pGWB434 or pMDC163 using LR Clonase II Enzyme Mix (Life Technologies). The coding sequence of LBD15 (without the stop codon) was amplified by PCR with LBD15cds-F and LBD15cds-R primers. This DNA fragment was cloned into the pENTR/D-TOPO cloning vector. The resulting clone was recombined with pER8-VP16-CFP (cyan fluorescent protein) vector and pH35GEAR destination vectors. The pH35GEAR-LBD15 is a vector for constitutive expression of LBD15-SRDX. Concurrently, using the LBD15cds DNA fragment as a template, a second PCR was conducted with LBD15cds-F and LBD15cds-SRDX-R primers, to generate an LBD15-SRDX chimeric sequence. This PCR product was cloned into pENTR/D-TOPO cloning vector, followed by recombination with an estrogen-inducible binary vector pMDC7 (Curtis and Grossniklaus 2003) using LR Clonase II Enzyme Mix (Life Technologies). Primers used in this study are listed in Supplementary Table S1 .
Screening procedure
Approximately 1,100 Gateway entry vectors established by Gong et al. (2004) , which include Arabidopsis transcription factor-coding sequences, were collected (pENTR-CDS). The 1,100 pENTR-CDSs were divided into 53 pools and integrated into the estrogen-inducible binary vector pMDC7 (Zuo et al. 2000, Curtis and Grossniklaus 2003) by Gateway recombination. The purified estrogen-inducible vectors were further divided into 16 pools, which were then used for transformation of agrobacteria. For plant transformation, two Agrobacterium pools were combined and used to transform 10-20 plants harboring a 2,000 bp length VND7 promoter::YFP-nls (pVND7::YFP-nls) using the floral dip method. Approximately 250 T 1 seedlings were selected using hygromycin for approximately 10 d, and then seedlings were transferred to estrogencontaining media for 4 d to induce overexpression of transcription factors. Expression of pVND7::YFP-nls in selected T 1 seedlings was checked using a BX51 microscope (Olympus). Among them, 20 seedlings exhibiting an ectopic YFP signal were selected as candidates. Genomic DNA from candidate seedlings was purified using a Maxwell 16 Tissue DNA purification kit (Promega). Transferred DNA regions in the genome were amplified by PCR with vectorspecific primers and then sequenced.
GUS staining
GUS staining of A. thaliana was performed as described previously (Ohashi-Ito et al. 2010 ).
Effector-reporter assay
Effector-reporter assays using N. benthamiana were performed as described previously (Ohashi-Ito et al. 2010) . Briefly, suspension cultures of agrobacteria transformed with effector or reporter constructs were prepared for infiltration. The cultures were infiltrated into 3-to 4-week-old N. benthamiana leaves. The leaf samples were harvested 3 d after infiltration and incubated with or without 5 mM estrogen for 8 h at 24 C. The samples were ground in GUS extraction buffer and then centrifuged. The supernatant was mixed with substrates (2 mM 4-methylumbelliferyl-D-glucuronide). The reaction mixture was incubated at 37 C for 90 min and then the production of 4-methylumbelliferone was determined fluorometrically (excitation at 365 nm; emission at 455 nm). The concentration of protein was determined with Bradford's reagent (Bio-Rad). GUS activities were shown as the rate of 4-methylumbelliferone production per mg of protein.
Histological analysis and fluorescence imaging
Fluorescence imaging was performed using a BX51 microscope (Olympus) and a FV1200 confocal microscope (Olympus). DIC images were taken using BX51 and BM5500 (Leica) microscopes after specimens were treated with chloral hydrate.
RNA isolation and quantitative real-time PCR (qRT-PCR)
RNA isolation and qRT-PCR were performed as described previously (OhashiIto et al. 2010) . Relative expression levels were determined using expression of the UBQ10 gene as a reference.
Supplementary Data
Supplementary data are available at PCP online.
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